It is well known that you cannot tickle yourself. Here, we discuss the proposal that such attenuation of self-produced tactile stimulation is due to the sensory predictions made by an internal forward model of the motor system. A forward model predicts the sensory consequences of a movement based on the motor command. When a movement is self-produced, its sensory consequences can be accurately predicted, and this prediction can be used to attenuate the sensory effects of the movement. Studies are reviewed that demonstrate that as the discrepancy between predicted and actual sensory feedback increases during self-produced tactile stimulation there is a concomitant decrease in the level of sensory attenuation and an increase in tickliness. Functional neuroimaging studies have demonstrated that this sensory attenuation might be mediated by somatosensory cortex and anterior cingulate cortex: these areas are activated less by a self-produced tactile stimulus than by the same stimulus when it is externally produced. Furthermore, evidence suggests that the cerebellum might be involved in generating the prediction of the sensory consequences of movement. Finally, recent evidence suggests that this predictive mechanism is abnormal in patients with auditory hallucinations and/or passivity experiences.
INTRODUCTION
Detecting the consequences of our own actions: We can readily distinguish between sensations that are produced by our own movements and sensations that are caused by a change in the environment. This ability is important because it enables us to pick out stimuli that correspond to potentially biologically signi®cant external events from stimuli that arise simply as a consequence of our own motor actions. It has been proposed that information about motor commands is used to distinguish the sensory consequences of our own actions from externally produced sensory stimuli [1±5] , giving us the ability to monitor and recognise as our own, self-generated limb movements, touch, speech and thoughts [6] . This kind of mechanism can be used to maintain perceptual stability in the presence of self-produced movement. For example, during eyemovements an efference copy of the motor command is used to predict the effects of the movement [7±9] . In order to determine the location of an object relative to the head, its retinal location and the gaze direction must be known. As the eye muscles are thought to contain no sensory receptors used to determine the gaze direction, Helmholtz [7] proposed that the gaze direction is determined by predicting the eye location based on the efference copy of the motor command going to the eye muscles. Using this estimate of eye position together with the object's retinal location, the object's true position in space can be determined. When the eye is moved without using the eye muscles (for example by gently pressing on the eye lid with the ®nger), the retinal location of objects changes, but the predicted eye position is not updated, leading to the perception that the world is moving. Prediction can also work in other sensory modalities to ®lter sensory information, attenuating the component that is due to self-movement (re-afference) from that due to changes in the outside world, and it is this use of prediction that forms the focus of this review. In order to generate sensory predictions, it is postulated that the central nervous system contains a central monitor [6] or internal`forward model' [3, 10, 11] .
Forward models mimic aspects of the external world and the motor system in order to capture the forward or causal relationship between actions and their outcomes [2, 10, 12] (Fig. 1 ). An efference copy of the motor command [8] is used to generate continuously predictions of the sensory consequences (or corollary discharge [9] ) of the ongoing motor act. This prediction is then compared with the actual sensory feedback (re-afference) from the movement. Self-produced sensations can be correctly predicted on the basis of motor commands, and there will therefore be little or no sensory discrepancy resulting from the comparison between the predicted and actual sensory feedback. This accurate prediction can be used to attenuate the sensory effects of self-produced movement. In contrast, externally generated sensations are not associated with any efference copy and therefore cannot be predicted by the forward model. By removing or attenuating the component of sensory feedback that is due to self-produced movement it is possible to accentuate the feedback that is caused by external effects. This process therefore ®lters incoming sensory information for perhaps the more relevant component of information.
Forward models in schizophrenia: Frith [6] proposed that a defect in this kind of central 'self-monitoring' mechanism might underlie auditory hallucinations and passivity phenomena, which are '®rst rank' features in schizophrenia [13] . Auditory hallucinations normally consist of hearing spoken voices [14, 15] . The essence of passivity experiences (or delusions of control) is that the subject experiences his or her will as replaced by that of some other force or agency [16] : 'My ®ngers pick up the pen, but I don't control them. What they do is nothing to do with me... The force moved my lips. I began to speak. The words were made for me' [17] .
Frith has suggested that these abnormal experiences arise through a lack of awareness of intended actions. Such an impairment might cause thoughts or actions to become isolated from the sense of will normally associated with them. This would result in the interpretation of internally generated voices or thoughts as external voices (auditory hallucinations and thought insertion) and of one's own movements and speech as externally caused (passivity of experiences). We have suggested that the experience of passivity arises from a lack of awareness of the predicted limb position based on the forward model [18, 19] . Thus the patient is aware of the intention to move and of the movement having occurred, but is not aware of having initiated the movement. It is as if the movement, although intended, has been initiated by some external force. In a variation on this theme, Spence [20] has suggested that the problem is to do with the timing of awareness.
The perception of the sensory consequences of actions: Evidence suggests that the sensory consequences of some self-generated movements are perceived differently from an identical sensory input that is externally generated. An example of such differential perception is the phenomenon that people cannot tickle themselves [21, 22] . In Weiskrantz et al.'s psychophysical study, a tactile stimulus that transversed the sole of the subject's foot was administered either by the experimenter or the by the subject. Subjects rated the self-administered tactile stimulus as less tickly than the externally administered tactile stimulus. When the experimenter moved the subject's hand to tickle their foot, the tickle strength was reduced, but not to the level of the selfadministered tactile stimulus. The differences in response were attributed to the mode of delivery: self-administered tactile stimulation produces both efference copy, in accordance with the motor command, and re-afference produced by the arm movement; passive arm movement produces only re-afference, and externally administered tactile stimulation produces neither efference copy nor reafference. The authors therefore concluded that although re-afference plays a role, the signal used for attenuation is based mainly on the efference copy signal produced in concordance with a self-generated movement.
One explanation of these results is that there is a general gating of all incoming sensory stimulation during selfgenerated movement. Indeed, this kind of sensory gating during movement has been documented in humans [ 23± 26] . For example, detection thresholds for an electrically induced twitch of the arm muscle are attenuated by voluntary movements of the stimulated arm [25] . Such ®ndings suggest that the perception of sensory stimulation might be attenuated simply if self-generated movement occurs simultaneously with the stimulus: the movement might not necessarily have to produce the sensory stimulus in order for it to be attenuated. This, however, is inconsistent with the theoretical approach of forward models we have outlined, which posits that in order for sensory attenuation to occur, the speci®c sensory consequences of the movement must be predicted accurately. According to our hypothesis, the sensory stimulation would have to correspond to the movement producing it in order for perceptual attenuation to occur. If this hypothesis is true, there are two further possibilities. First, the sensory stimulation might have to correspond exactly to the movement producing it for any perceptual attenuation to occur. Alternatively, the amount of perceptual attenuation might be proportional to the accuracy of the sensory prediction.
To investigate this, in an experiment that was based on Weiskrantz and colleagues' study, we asked subjects to rate the sensation of a tactile stimulus on the palm of their hand, and examined the perceptual effects of altering the correspondence between self-generated movement and its sensory (tactile) consequences. This was achieved by introducing parametrically varied degrees of delay or trajectory rotation between the subject's movement and the resultant tactile stimulation. The result of increasing the delay or trajectory rotation is that the sensory stimulus no longer corresponds to that normally expected based on the efference copy produced in parallel with the motor command. Therefore as the delay or trajectory rotation increases, the sensory prediction becomes less accurate. This Sensorimotor system Fig. 1 . A model for determining the sensory consequences of a movement. An internal forward model makes predictions of the sensory feedback based on the motor command. These predictions are then compared with the actual sensory feedback. Self-produced sensations can be correctly predicted on the basis of the motor command and are associated with little or no sensory discrepancy resulting from the comparison between predicted and actual sensory feedback. As the sensory discrepancy from this comparison increases (for example by increasing the delay or trajectory rotation between the movement and its sensory consequences) so does the likelihood that the sensation is externally produced. By using such a system it is possible to cancel out the effects on sensation induced by self-motion and thereby distinguish sensory events due to self-produced motion from the sensory feedback caused by the environment, such as contact with objects.
has three possible effects on the sensation. First, if sensory attenuation is due to a general movement-induced sensory gating, then since movement occurs under all delays and trajectory rotations the sensation would remain at the same level of attenuation under all conditions. Second, if sensory attenuation relies on a completely accurate prediction of the sensation, then no attenuation would occur under any delay or trajectory rotation. Third, sensory attenuation could be proportional to the accuracy of the prediction, in which case as the delay or trajectory rotation is increased the intensity of the sensation should increase. Sixteen subjects were asked to rate the sensation of a tactile stimulus on the palm of their right hand under several conditions. In all conditions the tactile stimuli applied to the hand was the same, a sinusoidal movement (amplitude 1.5 cm; frequency 2 Hz) of a piece of soft foam across the right palm. The piece of foam was attached to a robotic arm. The only difference between conditions was the causal nature of the stimulus. In the externally produced tactile stimulation condition the stimulus was generated by the robot and therefore not related to any movement the subject made. In all the remaining conditions the tactile stimulus was self-produced as the movement of the foam was determined by the movements of the subject's left hand. In these conditions the subjects held an object attached to the end of a second robot and were required to move this over their right palm sinusoidally. The motion of the left hand determined the position of the ®rst robot, attached to which was the piece of foam that made contact with the subject's right palm. The motion of the left hand therefore produced the tactile stimulus on the right palm.
In the self-produced tactile stimulation condition, the tactile stimulus corresponded exactly to the movement of the subject's left hand. This condition corresponds to the normal situation in which subjects use their left hand to move a physical rod across the palm of their right hand (equivalent to the self-produced tickling condition in the study by Weiskrantz and colleagues). By using this robotic interface so that the tactile stimulus could be delivered under remote control by the subject, delays of 100, 200 and 300 ms were introduced between the movement of the left hand and the tactile stimulus on the right palm. In a further condition, trajectory rotations of 308, 608 908 were introduced between the direction of the left hand movement and the direction of the tactile stimulus on the right palm. Under all delays and trajectory rotations the left hand made the same sinusoidal movements and the right hand experienced the tactile stimulus. Only the temporal or spatial correspondence between the movement of the left hand and the sensory effect on the right palm was altered.
The results showed that subjects rated the self-produced tactile sensation as being signi®cantly ( p , 0.001) less tickly, intense and pleasant than an identical stimulus produced by the robot [27] . Furthermore, subjects reported a progressive increase in the tickly rating as the delay was increased between 0 ms and 200 ms ( p , 0.0005; Fig. 2a ) and as the trajectory rotation was increased between 0 and 908 ( p , 0.01; Fig. 2b) .
These results support the hypothesis that the perceptual attenuation of self-produced tactile stimulation is due to precise sensory predictions, rather than a movementinduced non-speci®c attenuation of all sensory signals. When there is no delay or trajectory rotation the model correctly predicts the sensory consequences of the movement, so no sensory discrepancy ensues between the predicted and actual sensory information, and the motor command to the left hand can be used to attenuate the sensation on the right palm. As the sensory feedback deviates from the prediction of the model (by increasing the delay or trajectory rotation) the sensory discrepancy between the predicted and actual sensory feedback increases, which leads to a decrease in the amount of sensory attenuation.
The physiological basis of the perceptual modulation of self-produced sensory stimuli: Electrophysiological data demonstrate that neuronal responses in somatosensory cortex are attenuated by self-generated movement. Active touch is gated in primary somatosensory cortex of rats [28] and monkeys [29±31] compared to passive and external touch of an identical tactile stimulus. It is possible that this movement-induced somatosensory gating is the physiological correlate of the decreased sensation associated with self-produced tactile stimuli in humans. In order for somatosensory cortex activity to be attenuated to selfproduced sensory stimuli, these stimuli need to be predicted accurately. The cerebellum is a possible site for a forward model of the motor apparatus that provides predictions of the sensory consequences of motor commands. This proposal has been supported by computational [10, 11, 32, 33] , neurophysiological [34±38] and functional neuroimaging data [39] .
To investigate the hypothesis that the somatosensory cortex and the cerebellum are involved in modulating the sensation of a self-produced tickle, we used fMRI to examine the neural basis of self vs externally produced tactile stimuli in humans [40] . Six healthy subjects were scanned while a tactile stimulation device allowed a sinusoidal tactile stimulus (a piece of soft foam moving at 2 Hz; amplitude 1.5 cm) to be applied to the subject's left palm either by their right hand or by the experimenter. To examine the neural correlates of self-produced tactile stimuli we employed a factorial design with the factors self-generated movement of the right hand vs rest, and tactile stimulation on the left palm vs no stimulation. There were four conditions: self-generated tactile stimulation; self-generated movement without tactile stimulation; externally generated tactile stimulation; and rest. Using this design we were able to assess the difference in brain activity during self-generated relative to externally generated tactile stimulation while factoring out activity associated with self-generated movement and tactile stimulation. Analysis of the imaging data resulted in the creation of statistical parametric maps [41] re¯ecting the two main effects, movement and tactile stimulation, and the interaction between these two factors.
The results showed an increase in activity of the secondary somatosensory cortex (SII; Fig. 3 ) and the anterior cingulate gyrus (ACG; Brodmann Areas 24/32; Fig. 4 ) when subjects experienced an externally produced tactile stimulus relative to a self-produced tactile stimulus. The reduction in activity in these areas to self-produced tactile stimulation might be the physiological correlate of the reduced perception associated with this type of stimulation. The activity in the ACG in particular may have been related to the increased tickliness and pleasantness of externally produced compared to self-produced tactile stimuli. Previous studies have implicated this area in affective behaviour and positive reinforcement [42±44] .
While the decrease in activity in SII and ACG might underlie the reduced perception of self-produced tactile stimuli, the pattern of brain activity in the cerebellum suggests that this area is the source of the SII and ACG modulation. In SII and ACG, activity was attenuated by all movement: these areas were equally activated by movement that did and that did not result in tactile stimulation. In contrast, the right anterior cerebellar cortex was selectively deactivated by self-produced movement that resulted in a tactile stimulus, but not by movement alone, and was signi®cantly activated by externally produced tactile stimulation (Fig. 5) . This pattern suggests that the cerebellum differentiates between movements depending on their speci®c sensory consequences. We suggest that the cerebellum is involved in predicting the speci®c sensory consequences of movements and in providing the signal that is used to attenuate the somatosensory response to self-produced tactile stimulation [45] .
The perception of the sensory consequences of actions in patients with auditory hallucinations and/or passivity experiences: To test the hypothesis that certain symptomatology associated with schizophrenia is due to a defect in self-monitoring, as proposed by Frith [6] , we investigated whether patients with auditory hallucinations and/ or passivity experiences are abnormally aware of the sensory consequences of their own movements. Agematched patients with a diagnosis of schizophrenia, bipolar affective disorder or depression were divided into Fig. 3 . The secondary somatosensory cortex showed signi®cantly ( p , 0.05 corrected for multiple comparisons) less BOLD signal when the tactile stimulus was self-produced relative to when it was externally produced. Fig. 4 . The anterior cingulate cortex showed signi®cantly ( p , 0.05 corrected for multiple comparisons) less BOLD signal when the tactile stimulus was self-produced relative to when it was externally produced. The reduction in activity in somatosensory and anterior cingulate cortex to self-produced tactile stimuli might be the physiological correlate of the reduced perception associated with this type of stimulation.
two groups on the basis of the presence (n 15) or absence (n 23) of auditory hallucinations and/or passivity experiences. These patient groups and 15 age-matched normal control subjects were asked to rate the perception of a tactile sensation on the palm of their left hand. The tactile stimulation was either self-produced by movement of the subject's right hand or externally produced by the experimenter. The results demonstrated that normal control subjects and patients with neither auditory hallucinations nor passivity experienced self-produced stimuli as less intense, tickly and pleasant than identical, externally produced tactile stimuli. In contrast, patients with these symptoms did not show a decrease in their perceptual ratings for tactile stimuli produced by themselves as compared to those produced by the experimenter (Fig. 6) [46] . These results support the proposal that auditory hallucinations and passivity experiences are associated with an abnormality in the forward model mechanism that normally allows us to distinguish self-produced from externally produced sensations. It is possible that the neural system associated with this mechanism, or part of it, operates abnormally in people with such symptoms. Fig. 5 . The right anterior cerebellar cortex showed signi®cantly ( p , 0.05 corrected for multiple comparisons) less BOLD signal when the tactile stimulus was self-produced relative to when it was externally produced. There was a signi®cant difference between the BOLD response in this area when a self-generated movement resulted in tactile stimulation compared to when it resulted in no tactile stimulation. This pattern suggests that the cerebellum differentiates between movements depending on their speci®c sensory consequences. perceptual rating difference between self-produced and externally produced tactile stimulation conditions for the three subject groups: patients with auditory hallucinations and/or passivity, patients without these symptoms and normal control subjects. There was no signi®cant difference between the perceptual ratings in the two conditions for patients with auditory hallucinations and/or passivity, hence the mean rating difference was close to zero. In contrast, there was a signi®cant difference between the perceptual ratings in the two conditions for patients without these symptoms and in normal control subjects: both groups rated self-produced stimulation as less tickly, intense and pleasant than externally produced stimulation.
